Objective: To compare the efficacy of the restoration of tibial component coronal alignment with a double-check technique and the conventional surgical technique during total knee arthroplasty (TKA) in knee osteoarthritis patients, and to investigate the distribution of the medial proximal tibial angle (MPTA) after TKA.
Introduction
T otal knee arthroplasty (TKA) has been one of most successful surgeries over the past several decades. TKA can help patients to regain knee function, enhance the muscle force of lower limbs, relieve the pain of knees and improve patients' general quality of life. It is acknowledged that implant alignment is one of the key factors in the outcome of TKA. Therefore, the restoration of a neutral mechanical axis of the lower limbs is among the most important objectives of TKA during surgery procedures. Several studies have demonstrated that implant malalignment impacts bone and implant stress, polyethylene wear, knee function, and longterm implant survival, and even leads to early failure of TKA. Most surgeons consider that implant alignment parallel to the mechanical axis within 3 deviation shows better performance than alignment outliers [1] [2] [3] [4] [5] . In last ten years, a series of improvements for surgical instrumentation and implant design have been developed to achieve the ideal TKA alignment. However, the outcome is not completely satisfactory. Compared with the complex femoral axis, it is easier to improve the tibial alignment. However, malalignment of the tibial component is not uncommon, and even reaches 35% in some cases 6, 7 . Intramedullary and extramedullary alignment are the general techniques of TKA. Whether the intramedullary alignment is superior to extramedullary alignment remains controversial. Another important question is whether intramedullary alignment can be performed if a severe malformation has occurred on the tibial shaft. As a result, most surgeons like to use the extramedullary technique as a routine method to undertake the tibial alignment. To achieve accurate alignment and ideal outcomes for TKA, some new techniques have been developed. Computer-assisted surgical navigation is designed to help surgeons obtain accurate mechanical alignment using sensors to confirm the position of the mechanical axis during surgeries and its application is becoming increasingly popular. Some studies have shown that it can achieve better function, faster rehabilitation, and improved quality of life, whereas others have not demonstrated any clinical or functional benefits. At the same time, computer-assisted surgical navigation could lead to new problems, such as higher cost, longer surgery time, and more complexity 5, [8] [9] [10] [11] . Patientspecific instrumentation could reduce many steps during TKA and aims to improve mechanical alignment through preoperative planning and 3-D printing techniques. In addition, there are no advantages in restoration of the mechanical axis versus conventional instrumentation on the tibial side 12 . Moreover, patient-specific instrumentation requires extra CT scans or MRI, and 3-D printing equipment. Therefore, it cannot be widely used.
The tibial component alignment includes the coronal plane, the sagittal plane, and the rotation of the cross-section. Each of the three is critical for the outcome. Compared with the other two, the alignment in the coronal plane has the exact landmark that could be confirmed on the radiograph and the measurement is repeatable. The sagittal plane alignment is not easy to measure precisely on the radiographs after surgery. Besides, it is impossible to measure the rotation of the tibial component in the cross-section using X-ray radiographs. It has been reported that preparation of the tibia during TKA may cause deviation from the tibial mechanical axis and lead to tibial component malalignment in the coronal plane. Methods to confirm the tibial mechanical axis 13 , inaccurate bone cuts 14, 15 , and attempts to implant the tibial implant are the potential causes of malalignment 16, 17 . After the osteotomy and soft tissue balancing, femoral and tibial trials could be used to examine the axis; this is typically the last opportunity to confirm the alignment of the tibial component during conventional TKA procedures. Nevertheless, when the component is implanted, different thicknesses of cement and trabecular collapse caused by hammering still present a potential risk for malalignment. Conventional TKA procedures cannot detect the malalignment after the trials have been tested. In addition, if malalignment occurs, no adjustment can be performed when the tibial component is implanted.
To improve tibial component alignment in the coronal plane, we used a double-check technique with a simple device to detect the malalignment and perform adjustments during conventional TKA procedures. Therefore, the purpose of the present study was as follows: (i) to compare the clinical efficacy for tibial component alignment in the coronal plane by conventional TKA and the double-check technique TKA in osteoarthritis patients; (ii) to investigate the distribution of tibial component alignment in the coronal plane after conventional TKA and double-check technique TKA; and (iii) to discuss the clinical outcomes and advantages of the application of the double-check technique TKA.
Materials and Methods

Inclusion and Exclusion Criteria
Inclusion Criteria Inclusion criteria were: (i) patients with knee osteoarthritis; (ii) patients who had undergone conventional TKA or the double-check TKA; (iii) patients with adequate radiographs to measure the alignment of lower limbs; and (iv) a retrospective case control study.
Exclusion Criteria Exclusion criteria were: (i) history of fractures around the knee or femoral and tibial shaft; (ii) patients with valgus deformities of the knee; (iii) patients with poor-quality radiographs; (iv) patients who underwent revision surgeries after primary TKA; and (v) patients lost to follow-up.
General Information of Participants
A retrospective review was performed of 151 patients (179 knees) with osteoarthritis undergoing primary TKA by one single surgeon in our institution from February 2013 to January 2015. A cruciate retaining prosthesis with mobile bearing design (Gemini Mark II, LINK, Germany) was implanted in all patients using a cementing technique. All patients were evaluated preoperatively and 3 months postoperatively with an anteroposterior long-leg weight-bearing radiograph. The medial proximal tibial angle (MPTA) was measured by radiograph.
Surgical Technique
Conventional Total Knee Arthroplasty Procedure
The standard TKA procedure with conventional instrumentation was performed in the conventional TKA group. An anterior midline skin incision and a medial parapatellar approach was used, and the patella was everted. A measured resection technique was used to balance the extension and flexion gap. A distal femoral cut was performed with an intramedullary instrumentation setting of 6 of the anatomic valgus. Referring to the surgical trans-epicondylar axis, the femoral external rotation cut was performed. Extramedullary instrumentation was used to achieve a target tibial cut of 90 relative to the mechanical axis in the coronal plane and of 3 to 5 relative to the posterior slope in the sagittal plane. After appropriate soft-tissue release, trials of the tibial and femoral side were installed to test stability, range of motion, patellar tracking, and alignment of the lower limbs. Next, the prosthesis was fixed with cement. No patellar resurfacing was performed in any of our cases.
Total Knee Arthroplasty with Double-Check Technique
In the double-check TKA group, most of the steps were the same as those in the conventional TKA group, except for the double-check technique. The first check was performed after the tibial cut was finished. A device with a smooth surface plate was used to evaluate the flatness of the bone surface ( Fig. 1) . If the extramedullary rod was not parallel to the mechanical axis of the tibia in the coronal plane, an uneven bone surface was confirmed. Moreover, a gap could be observed between the device and bone surface (Fig. 2) . Then, a re-cut was performed until the bone surface was smooth and accurate alignment was obtained. The second check was performed when the tibial tray was implanted with cement (Fig. 2) ; different thicknesses of cement, trabecular collapse, and the subsidence of the tibial tray caused by hammering could affect the accuracy of alignment. If malalignment occurred, a suitable adjustment could be performed by hammering on the proper position of the tibial tray.
Measurements
Definition of Medial Proximal Tibial Angle
On the anteroposterior long-leg weight-bearing radiographs, the tibial mechanical axis was defined by a line joining the center of the proximal tibia and the center of the body of the talus. The frontal plane joint line of the proximal tibia was drawn preoperatively across the flat or concave aspect of the subchondral line of the two tibial plateaus. The frontal plane joint of the proximal tibia was drawn parallel to the undersurface of the tibial component postoperatively. The MPTA was the medial angle formed by these two lines 18 . The varus alignment was classified as MPTA less than 90
, and the valgus alignment was classified as MPTA greater than 90 (Fig. 3) .
Measurements of Medial Proximal Tibial Angle
Measurements were performed by two doctors separately. The mean of the two measurements was recorded for each radiograph. If the disagreement was greater than 1 , the two measurements would repeat until the disagreement was 1 or less.
Knee Society Clinical Rating System Scores
The Knee Society Clinical Rating system (KSS) included clinical scores (pain and stability) and functional scores (walking and climbing stairs) for the knee. KSS scores were evaluated at the time of latest follow-up.
Knee Range of Motion
Knee range of motion (ROM) was measured using a goniometer. Patients lay down on the back on a firm surface. Knee lateral epicondyle, lateral malleolus, and great trochanter were the landmarks to do the angle measurements. ROM was recorded at the time of latest follow up.
Statistical Analysis
T o determine the minimum sample size of each group, a power analysis was conducted before the beginning of the study. The minimum sample size of each group was 62 knees. (α = 0.05, β = 0.10) 19 . The measurement data, including age, follow-up time, MPTA, ROM, KSS clinical scores, and KSS functional scores were represented by mean AE standard deviation, and were statistically analyzed using t-tests. The distribution of MPTA was statistically analyzed using χ 
Results
Patients Characteristics
A total of 130 TKA procedures in 119 patients were included in the study. These patients included 35 men and 84 women and the mean age was 71.5 AE 5.3 years old. The mean follow-up time was 36.2 AE 5.8 months (13-55 months). The characteristics for the two groups are shown in Table 1 .
Knee Range of Motion
There was no significant difference in the mean value of preoperative ROM between the two groups. In addition, there was also no significant difference in the mean value of postoperative ROM. The ROM was significantly improved after surgeries in both group (12.5% in the conventional TKA group and 13.0% in the double-check TKA group). The results are shown in Table 2 .
Knee Society Clinical Rating System Scores There were no significant differences in the mean values of preoperative KSS clinical scores and KSS functional scores between the two groups. There were also no significant differences in the mean values of postoperative KSS clinical scores and KSS functional scores. The KSS clinical scores and KSS functional scores were significantly improved after surgeries in both groups (90.4% and 85.6%, respectively, in the conventional TKA group and 85.0% and 83.4%, respectively, in the double-check TKA group). The results are shown in Table 3 .
Comparison of Medial Proximal Tibial Angle
There were no significant differences in the mean values of preoperative MPTA, between the two groups. There were also no significant differences between the mean values of postoperative MPTA. The MPTA was significantly improved after surgeries in both group (Table 4) .
In the conventional TKA group, 79.7% (51 knees) of postoperative MPTA deviation was within 3 , and 20.3% (13 knees) had a deviation greater than 3 . In the doublecheck TKA group, 93.9% (62 knees) of postoperative MPTA deviation was within 3 , and 6.1% (4 knees) had a deviation greater than 3 . There was a statistically significant difference between the two groups (χ2 = 5.86, P < 0.05). The accuracy of postoperative MPTA in double-check TKA was 14.2% higher than in the conventional group. The distribution of postoperative MPTA for the two groups is shown in Fig. 4 .
Outcome of Double Check
In the double-check TKA group, a 21.2% (14 knees) tibial malalignment was detected after the first check, and the adjustment was performed. Tibial component malalignment was detected after the second check in 9.1% (6 knees), and the adjustment was performed. In the double-check TKA group, 4.5% (3 knees) undergoing TKA required double adjustment after the first and second checks were performed. Among the four outliers in the double-check TKA group, two knees were adjusted after the first check and no malalignment was detected after the double-check in the remaining two knees. The data are presented as mean AE standard deviation. MPTA, medial proximal tibial angle; TKA, total knee arthroplasty.
Discussion
Improvement of the Tibial Component Coronal Alignment
The most important finding of this study is that, in performing a TKA, the coronal alignment of the tibial component could be improved using a surgical technique in which the double-check technique is performed after the tibial cut and tibial tray cementing. Although the mean value of postoperative MPTA was similar between the group that was treated with conventional instrumentation alone and the group that was treated with the use of the double-check technique, the deviation within 3 from the target coronal alignment was obviously reduced in the double-check TKA group, as evidenced by the reduced variation in data.
Causes of Malalignment
Proximal tibial resection is a vital step during TKA, and initial bone cutting error of the proximal tibia has already been investigated. Toksvig-Larsen 20 reported a maximum roughness between the uppermost and lowermost points of 1.0 mm and 2.4 mm, respectively, for the bone surface on a cadaveric tibial plateau. The bending and wobbling of the saw, areas of sclerotic bone, unstable cutting blocks, and imprecise surgical technique might introduce errors in the tibial cut 14, 19, 21 . In the present study, the same conclusion was drawn. Tibial malalignment was detected after the tibial osteotomy in 21.2% (14 knees) and in 9.1% (6 knees) of cases after the second check, when the tibial tray was implanting with cement. We inferred from this result that different thicknesses of cement trabecular collapse and the subsidence of the tibial tray caused by hammering when implanting the tibial component could lead to the tibial malalignment. According to the trigonometric function, a 0.5-mm protuberance in the middle of a 70-mm length of tibial cutting surface could cause a 0.82 error. In addition, if the protuberance is 1 mm, the error will be 1.6 , which may cause the failure of tibial alignment in the coronal plane.
Previous studies have confirmed that these errors could lead to the tibial malalignment, and several techniques have been used to solve this problem. A prospective randomized, controlled trial compared the cutting accuracy of a precision saw system with the conventional blade system during TKA. The result was that the precision saw system was not proven to be overall more accurate than the conventional blade system. In addition, surgeon factors seemed not to have a major role in the accuracy of the bone resection 14 . Macdonald et al 21 reported that modified sawblades (thicker and stiffer), a new saw guide, and the technique of constraining the saw from the pivot point of the blade improved the result of tibial cutting compared with the conventional sawing techniques. Wu et al 22 reported that preoperative measurement of the difference between the resection thicknesses of the medial and lateral tibial plateaus for the proximal tibial cut could improve the accuracy of tibial component alignment and postoperative limb alignment restoration compared with conventional techniques. Cinotti et al 13 reported that the alignment of the tibial component may be improved using a surgical technique in which the extramedullary rod is set in line with anatomical landmarks in the proximal tibia only without any other instrumentation.
Advantages of the Double-Check Technique
The reasons for the inaccuracy of bone cuts and malalignments are complicated. A block with an extramedullary rod to insert the extension gap is used to check the coronal alignment for most of the instrumentation. The femoral resection could influence the result. At the same time, it is difficult to confirm the center of the femoral head during the surgery. The present study focuses on the tibial coronal alignment, regardless of the effect of the femoral side. The second check can't be performed for most of the prosthesis after the tibial component is implanted. Different thicknesses of cement, trabecular collapse, and the subsidence of the tibial tray caused by hammering could affect the accuracy of alignment. In other words, although an accurate tibial cut is performed, a fatal MPTA could be obtained during the implanting procedure. Tibial tray malalignment was detected after the second check in our study, and this is the first report about it as far as we know. The double-check technique was used to evaluate the MPTA after the two important steps, regardless of the cause of malalignment, and the outcome was encouraging in the present study.
Computer-assisted surgical navigation and patientspecific instrumentation in TKA are the current treatment trends. They help surgeons achieve accurate TKA and the ideal alignment of the lower limbs. However, the results are controversial 5, [8] [9] [10] [11] [12] 23, 24 . The advantages of computer-assisted surgical navigation and patient-specific instrumentation are to identify the mechanical axis during the surgery based on the preoperative planning. They can reduce the human error to confirm the mechanical axis effectively. At the same time, Fig. 4 The distribution of the postoperative medial proximal tibial angle (MPTA) for the conventional total knee arthroplasty (TKA) group and the double-check TKA group. they involve new systematic errors caused by the additional instrumentation. Meanwhile, the bone cutting deviations and errors caused by cementing are inevitable. Because of longer surgery time, increased cost, and highly sensitive instruments, computer-assisted surgical navigation and patientspecific instrumentation in TKA are not the first choice for most surgeons, especially in developing countries.
Medial Proximal Tibial Angle Distribution
If we look at the distribution of postoperative MPTA more precisely (Fig. 3) , no matter whether in the conventional TKA group or the double-check TKA group, the distribution trend is slightly greater for varus than valgus. Other reports show the same situation 13, 19, 22 . It has been reported that residual varus alignment after TKA in varus knees is acceptable, but valgus alignment after TKA in varus knees is not allowed 25, 26 . To avoid unacceptable valgus malalignment after TKA in varus knees, surgeons may potentially restore a little bit of varus alignment as they see fit.
Limitations
There are several limitations in this study. First, it is a retrospective, nonrandomized, single-center study, with all the limitations of such a study design. Second, sagittal alignment and rotation of the tibial component are not included in this study, which are very important for knee function after TKA 13, 27 . Finally, although the double-check technique TKA could improve the coronal alignment of the tibial component compared to the conventional TKA, there was no significant difference in the clinical outcomes (ROM, KSS clinical scores, and KSS functional scores) between the two groups during the follow up. To evaluate whether the survival rate and clinical outcomes are associated with MPTA after TKA, a long-term follow-up study needs be conducted.
Conclusion
In conclusion, these results provide evidence for the efficacy of the double-check technique, which could improve tibial component coronal alignment during TKA. There are no disadvantages (e.g. in relation to expense and complexity, or the need for additional CT scans or MRI) of computerassisted surgical navigation and patient-specific instrumentation. This technique could be recommended for routine use in TKA.
